Open Access Article. Published on 02 December 2024. Downloaded on 6/25/2026 2:58:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC
Medicinal Chemistry

REVIEW

i '.) Check for updates ‘
receptor

Cite this: RSC Med. Chem., 2025, 16,
525

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

Hepatocyte targeting via the asialoglycoprotein

Fabricio Ramirez-Cortés @ and Petra Ménova ©*

This review highlights the potential of asialoglycoprotein receptor (ASGPR)-mediated targeting in advancing
liver-specific treatments and underscores the ongoing progress in the field. First, we provide a
comprehensive examination of the nature of ASGPR ligands, both natural and synthetic. Next, we explore
various drug delivery strategies leveraging ASGPR, with a particular emphasis on the delivery of therapeutic
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nucleic acids such as small interfering RNAs (siRNAs) and antisense oligonucleotides (ASOs). An in-depth
analysis of the current status of RNA interference (RNAIi) and ASO-based therapeutics is included, detailing
approved therapies and those in various stages of clinical development (phases 1 to 3). Afterwards, we give

an overview of other ASGPR-targeted conjugates, such as those with peptide nucleic acids or aptamers.

rsc.li/medchem

Introduction

The asialoglycoprotein receptor (ASGPR), also known as the
Ashwell-Morell receptor, was the first lectin to be discovered
in mammals." Its carbohydrate recognition depends on
calcium, classifying it as a C-type lectin.> ASGPR specifically
binds desialylated glycoproteins exhibiting non-reducing
terminal galactose (Gal) or N-acetylgalactosamine (GalNAc).
Upon binding, these desialylated glycoproteins undergo
endocytosis through clathrin-coated pits. Subsequently, when
reaching the acidic endosomal compartment, they detach
from the receptor and are transported to the lysosomes,
thereby maintaining homeostasis.*

ASGPR is a highly conserved transmembrane protein
consisting of two subunits with a 58% sequence homology,
each spanning from 40 to 60 kDa. These subunits,
denominated H1 and H2 for the human hepatic lectin, are
typically present in an average ratio of 2-3:1, respectively.
Both subunits are essential for the correct functioning of the
receptor.” !

The receptor is expressed predominantly on hepatocytes
and minimally on extra-hepatic cells, with as many as
500000 surface binding sites per cell.""™ It is endocytosed
and recycled approximately every 15 minutes, regardless of
the presence or absence of ligands."*'®'  These
characteristics render it a very attractive target for receptor-
mediated drug delivery to the liver."?

Numerous serious diseases are associated with
hepatocytes, including hepatitis B'® and C," hepatocellular
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Finally, targeted protein degradation of extracellular proteins through ASGPR is briefly discussed.

carcinoma,’® and malaria.>' Infection with HBV or HCV may
lead to chronic hepatitis, which can progress to cirrhosis and
liver cancer. Consequently, targeting hepatocytes via
interaction with ASGPR presents a promising strategy for
treating these diseases.

ASGPR ligands

ASGPR carbohydrate recognition domain (CRD) is a shallow
pocket that binds terminal sugars in a complex with calcium
ion.”»?* It recognizes and binds terminal Gal (1) or GalNAc
(2), with the latter exhibiting 10-60-fold higher affinity in
competition assays (Fig. 1A).>* In certain cases, glucose (Glc)
is also bound, albeit with a lower affinity than Gal and
GalNAc.” Binding primarily occurs through the hydroxy
groups in positions 3 and 4, with the substituents in position
2 also contributing to the binding. An equatorial hydroxyl in
position 3 is indispensable. An axial OH in position 4
increases the binding affinity, but an equatorial OH is also
tolerated.>® Substituents in position 2 show a certain degree
of tolerance; N-acyl groups enhance binding provided they
are not too large. The region that hosts these substituents
has been described as a dumbbell cavity.>**” Substituents in
the anomeric position and in position 6 have a minimal
impact on CRD binding, which can be exploited in the design
of synthetic ligands.>*>?%>°

The binding affinity increases from monoantennary to
tetraantennary ligands. Monoantennary oligosaccharides
bind in the millimolar (mM) range, whereas triantennary
oligosaccharides bind in the nanomolar (nM) range,
representing a 10°-fold increase in the affinity despite only a
three-fold increase in the absolute concentration of Gal.'*?®
This phenomenon is referred to as the “cluster effect”.>* The
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Fig. 1 A. Structures and binding affinities of natural ASGPR ligands Gal (1)2° and GalNAc (2).22 B. Triantennary GalNAc ligand 3 built on Tris
scaffold. C. Monovalent synthetic ASGPR ligands and their binding affinities.??

increase in affinity from triantennary to tetraantennary
ligands is only modest."**°

Trivalent ligands are commonly constructed using a
tris(hydroxymethyl)Jaminomethane (Tris) molecule as a
scaffold (Fig. 1B). To this molecule, carbohydrate or
glycomimetic ligands are attached via ether, ester or amide-
based linkers (e.g. compound 3). The balance between the
hydrophilicity, the hydrophobicity and the geometry greatly
influence the ligand binding. It has been shown that an
optimal separation between the terminal sugars is typically
around 20 A.3'733

Naturally occurring ASGPR binders include primarily

glycoclusters. Endogenous ligands encompass mainly
asialoorosomucoid (ASOR), asialofetuin (AF),
asialoceruplasmin, asialotransferrin, immunoglobulin A

(1gA), and von Willebrand factor (VWF).**>7*> Notably, ASOR
and AF served as benchmarks in the early studies of the
receptor. Radiolabelled "*’I-ASOR was used to elucidate the
endocytosis and features of the
receptor.'>1®

Arabinogalactan and pullulan are natural polysaccharides
based on galactose and glucose, respectively. They have been
extensively studied for ASGPR-mediated targeting.***’
Pullulan exploits the inability of ASGPR to discriminate

kinetics structural
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between p-galactose and p-glucose.'” Nevertheless, the uptake
of pullulan is lower than that of arabinogalactan.?®

Synthetic ASGPR ligands (Fig. 1C) draw inspiration from
natural binders. Although most of them still use GalNAc (2,
Fig. 1A) as a warhead, numerous attempts to improve its
affinity have been made.>* As mentioned above, positions 2
and 6 offer opportunities for modifications in order to
improve the affinity. For example, replacing the acetamido
group in position 2 with a trifluoroacetamido group
enhanced the affinity (compare compounds 5 and 6), as did
the replacement of 6-OH group with an azido (7) or a triazol
(8) moiety.** In 2017, M. G. Finn, V. Mascitti, and co-authors
published a bridged ketal 9 (substituted
6,8-dioxabicyclo3.2.1]octane-2,3-diol), which was proposed
based on the X-ray crystal structure of the ASGPR binding
domain (PDB 1dv8).*>*° This bridged ketal enhanced the
interaction between the hydrophobic a-face of the pyranose
and the tryptophan residue Trp243. Compound 9 has a six-
fold higher affinity compared to GalNAc and also a good
ligand efficiency (LE = 0.45).*° Although an analogue of this
compound, 10, with a trifluoroacetamido group in position 2
demonstrated a four-fold higher affinity, this compound was
dismissed due to concerns regarding the long-term metabolic
stability. Nevertheless, this warhead (10) is featured in a

This journal is © The Royal Society of Chemistry 2025
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University of Yale patent for bi-functional molecules aimed at
degrading circulating proteins.*' Avilar Therapeutics Inc., a
company devoted to ASGPR therapeutics, drew inspiration
from these two compounds and did extensive modifications
and iterations, both on the bicyclic compound and on Gal.
These modifications mainly involved eliminating substituents
in position 1 in some monocyclic warheads, replacing the
ketal bridge for an aliphatic bridge in the bicyclic warheads
and introducing a wide variety of aryl rings in position 2.*>**

The majority of these synthetic warheads designed to
target ASGPR are typically linked in multimers, commonly in
trimers. The design and architecture of these ligands have
been extensively reviewed by Huang et al.*> and therefore will
not be discussed in this review.

Drug delivery strategies for targeting
hepatocytes via ASGPR

Drug delivery strategies for liver targeted drugs via the
interaction with ASGPR include direct GalNAc conjugation to
therapeutic payloads (such as siRNAs, ASOs, and small-
molecule drugs), nanoparticle-based delivery systems, and
polymer-based drug delivery.

A comprehensive review of Gal-modified polymers and
lipids was published in 2015."* Recent research has focused
on polymer-drug conjugates for delivering anticancer drugs
to hepatocytes, particularly for treating hepatocellular
carcinoma. Doxorubicin (DOX), one of the most widely used
chemotherapeutics, often serves as a drug of choice. A review
on DOX-base nanotherapeutics was published in 2019.%°
Cationic polymers, such as poly-i-lysine (PLL) and poly-i-
glutamic acid (PLGA), are effective vectors for gene delivery.
These positively charged polymers interact with the anionic
group of the ASGPR binding site and direct the formulations
to the liver. Formulations of PLL modified with ASGPR
ligands have demonstrated great efficacy in the transport to
hepatic parenchymal cells.*”*° PK2 (FCE28069) is a
copolymer derived from N-(2-hydroxypropyl)methacrylamide
(HPMA) coupled with N-linked galactosamine and DOX,
connected to the polymer backbone through a Gly-Phe-Leu-
Gly peptidyl linker.*® In preclinical studies, the formulation
displayed a five-fold decrease in cardiotoxicity compared to
free DOX, supporting the progression of PK2 into early
clinical investigation.’® Phase I trial in patients with primary
or metastatic liver cancer showed that 17% of the
administered dose was targeted to the liver, with 3%
targeting the tumour.”® A recommended dosage for a phase
II trial was established; however, no further progress has
been reported.>*

Targeted nanoparticles exploit the receptor-mediated
endocytosis to deliver a drug payload to the liver while
protecting it from degradation and facilitating the transport.
These nanocarriers must degrade in a non-toxic manner to
ensure safety and efficacy of the treatment. Clearance of
hydrophobic nanoparticles by the reticuloendothelial system
(RES) is a concern when employing this approach. To achieve

This journal is © The Royal Society of Chemistry 2025
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a long circulation time, nanoparticles are typically coated
with non-fouling polymers like PEG. However, this stealthy
surface also impedes the uptake by the target cells. The
incorporation of targeting ligands such as Gal or GalNAc for
hepatocyte-specific delivery enhances uptake when employing
this strategy.”® While liposomes are the most widely studied
type of nanoparticles, other nanostructures such as micelles
or dendrimers are also used.>>™ The Devarajan group
reported DOX-containing nanoparticles decorated with
pullulan and arabinogalactan for ASGPR targeting. They
observed high selectivity in liver uptake (hepatocyte:
nonparenchymal cell ratio 85:15). Pullulan-containing NPs
showed high efficacy and greater safety compared to parent
DOX.*®

Yet another strategy are covalent drug-ligand conjugates.
Petrov et al prepared several glycoconjugates of small
molecule drugs with GalNAc for targeted delivery to
hepatocellular carcinoma. They conjugated paclitaxel,™
DOX®® and docetaxel.®® The latter displayed a nanomolar
affinity for ASGPR, improved water solubility in comparison
with parent docetaxel, and selective toxicity against hepatoma
cells vs. control cell lines. Sanhueza et al. synthesized a
conjugate  of mifepristone (steroidal  glucocorticoid
antagonist, known also as RU-486) with a multivalent ASGPR
ligand and observed an efficient accumulation of the
conjugate in rat liver in vivo.*® Rico et al published a
conjugate of 5-fluorouracil with a triantennary GalNAc-based
ligand intended to treat hepatocellular carcinoma.®* Apart
from delivering anticancer agents, GalNAc conjugates are also
used for targeted delivery of radiopharmaceuticals to the
liver.®® The constructs typically contain a Gal or GalNAc as
liver-targeting moiety, a linker, a chelating moiety and a
radioisotope. Gamma-imaging radiotracers used in planar
gamma scintigraphy and single-photon emission computed
tomography (SPECT) most often employ °°™Tc, while
positron electron tomography (PET) employs *®Ga and '*F.**

Covalent linkage between GalNAc-based ASGPR targeting
ligands and drug is also found in conjugates with therapeutic
nucleic acids. These are discussed further in the following
chapters.

Delivery of therapeutic nucleic acids
to the liver

The clinical application of ASGPR-mediated targeting for
gene silencing has emerged as a prominent area of interest.
The objective is to impede mRNA translation using short
complementary RNA  fragments. = GalNAc-RNA-based
therapeutics have the potential to address unmet medical
needs in numerous liver-related diseases. Two primary
strategies employing this concept are the use of small
interfering RNAs (siRNAs) and antisense oligonucleotides
(ASOs).®> ASOs are single-stranded synthetic oligonucleotides
(ONs) typically consisting of 16-20 nucleotides that bind to
the target RNA by Watson-Crick base pairing.®® ASOs
promote degradation by RNases, cause translational arrest by
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steric hindrance or interfere with the mRNA maturation,
ultimately leading to downregulation of the target protein.®”
siRNAs are short double-stranded ONs loaded into the RNA-
induced silencing complex which then targets the mRNA for
degradation.®®

GalNAc-siRNA conjugates for RNA
interference

RNA interference (RNAi) is an endogenous pathway for post-
transcriptional silencing of gene expression that is triggered
by double-stranded RNA (dsRNA). Through this pathway,
siRNAs can silence the expression of virtually any gene with
high efficiency and specificity, including “undruggable”
targets.69

In 2014, Nair et al’® proved that multivalent GalNAc-
conjugated siRNA could elicit robust RNAi-mediated gene
silencing in hepatocytes. Since then, several siRNA
therapeutics targeted to hepatocytes have been developed
and many others are in development.

However, delivery of siRNA is challenging as unmodified
siRNA is susceptible to degradation by both extra- and

intracellular nucleases, unstable in the bloodstream,
A.
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immunogenic, and unable to penetrate cells. To circumvent
these hurdles, the ONs are modified. Alnylam
Pharmaceuticals (Alnylam) pioneered a modification pattern
named standard template chemistry (STC), which includes
changes to the 2’ position of the nucleotides, such as 2'-
deoxy-2'-fluoro- or 2-O-methyl and replacing phosphodiester
bonds with phosphorothioate (PS). In the next generation,
STC was succeeded by an enhanced stabilization chemistry
(ESC) approach, leading to increased potency and prolonged
duration of action.”"””> While working on GalNAc-siRNA
conjugates, issues with off-target gene silencing were
encountered, prompting the development of a new
modification pattern called ESC+ (advanced ESC). To mitigate
off-target seed interactions, glycol nucleic acid (GNA) was
incorporated (Fig. 2A).”>”7® Other companies like Arrowhead
Pharmaceuticals (Arrowhead), Dicerna Pharmaceuticals
(Dicerna), Silence Therapeutics (Silence), Arbutus Biopharma
(Arbutus), OliX Pharmaceuticals (OliX), and Suzhou Ribo Life
Science have developed their own sets of modifications for
siRNA therapies.””

Arrowhead developed a versatile delivery platform TRiIM™
(Targeted RNAi Molecule), which can be used for the delivery
to the liver (using GalNAc as targeting molecule, directly
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Fig. 2 A. Design of GalNAc-siRNA conjugates: STC - standard template chemistry, ESC - extended stabilization chemistry, ESC+ - extended
stabilization chemistry plus, Silence platform - single GalNAc positioned at opposite sides of the sense strand. The top strand is the sense strand
and the bottom is the antisense strand. B. Sirnaomics platform based on mxRNA and Dicerna's GalXC™ platform (passenger strand with tetraloop
hairpin, ca. 36 bases, guide strand complementary to target mRNA, ca. 22 bases). C. Structure of monovalent GalNAc ligand built on serinol
scaffold. Reproduced from ref. 78 with permission from the Royal Society of Chemistry, copyright 2023.
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conjugated to siRNA),”® lungs (using integrin alpha-v-beta-6
(awvB6) ligand) or tumour (using Arg-Gly-Asp (RGD) peptide).*°
In order to reduce off-target side effects, OliX has introduced
asymmetric siRNA (asiRNA) technology. They have patented a
GalNAc-asiRNA platform®' and several such conjugates are in
preclinical and early stages of clinical trials. Dicerna/Novo
Nordisk®® uses GalXC™ (pronounced like “galaxy”) and
GalXC-Plus™ (targeting extrahepatic cell and tissue types)
platforms. GalAhead™ (pronounced like “Galahad”)
developed by Sirnaomics is based on miniaturised hairpin
RNAi triggers (mxRNA™) and multi-unit RNAi triggers
(muRNA™) rather than conventional siRNA (Fig. 2B).**** In
2020, Weingértner et al. from Silence Therapeutics published
a novel platform based on serinol-attached GalNAc unit(s)
(11, Fig. 2C) either in a series (2-4 units) or two single
GalNAc units positioned at opposite ends of the sense strand
(Fig. 2A). This platform exhibited enhanced stability against
endosomal and lysosomal degradation, as well as enhanced
in vivo activity and duration of action when compared to a
classical triantennary architecture.®> Other delivery platforms
include mRNAi GOLD™ by Silence,®® RIBO-GalSTAR™
(GalNAc-based System for liver TARgeting) by Suzhou Ribo
Life Science,’” and LEAD™ (Ligand and Enhancer Assisted
Delivery) by SanegeneBio.

RNAI therapeutics utilizing GalNAc conjugate technology
are administered subcutaneously. Intravenous injections
lead to a rapid distribution of siRNAs to the liver, reaching
a saturation state and wasting considerable doses. In
contrast, subcutaneous injections give way to a slow release
and absorption.’® Lower dose levels administered
subcutaneously can maximize the proportion of drug
reaching the liver.®®

As with any therapeutic, understanding and monitoring
pharmacodynamics (PD) and pharmacokinetics (PK) are
essential for advancing through the development pipeline.
In the case of GalNAc-conjugated siRNAs, there is a
disconnect between plasma PK and PD effects: while plasma
half-life is relatively short - 1-3 h in rats, 2-6 h in monkeys,
and under 10 h in humans - the therapeutic effects persist
for weeks in rodents and several months in monkeys and
humans.®"*° This results in a delayed onset and extended
duration of PD action. Although each therapeutic has its
own dosing requirements determined in early-phase studies,
treatments like givosiran and lumasiran are administered
monthly, vutrisiran every three months, and inclisiran three
months after the first dose, then every six months.”"%?
GalNAc-siRNA conjugates bind to the ASGPR and undergo
uptake into endosomes, where the conjugate dissociates
from the receptor. The sugar moieties and branches are
rapidly cleaved from the oligonucleotide, allowing the
oligonucleotide to escape from the endosome and enter the
cytoplasm (Fig. 3).”> The prolonged pharmacological activity
is attributed to the gradual release of endocytosed
conjugates.”%?

An overview of the clinical advancement of siRNA-GalNAc
conjugates is detailed in Table 1. The information was taken

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mechanism of action of siRNA-GalNAc conjugates. Reproduced
from ref. 78 with permission from the Royal Society of Chemistry,
copyright 2023.

from the websites https://clinicaltrials.gov and https://anzctr.
org.au, the pipeline data on the websites of the companies
(Alnylam, Novo Nordisk, Arrowhead Pharmaceuticals, Silence
Therapeutics, Arbutus Biopharma, Suzhou Ribo Life Science,
OliX Pharma, Sirnaomics, SangeneBio) (accessed July 2024)
and from literature reviews.®™®*°® As of July 2024, five
GalNAc-siRNA drugs are on the market, six are in the late
stage of development (phase III) and at least 27 are in the
early stages of development (phase I and II). Compounds in
preclinical development have not been included in this
review.

The first attempt to clinically silence genes was made
with revusiran (ALN-TTRsc, Alnylam Pharmaceuticals). This
GalNAc-siRNA conjugate targeted hepatic transthyretin
(TTR) production and was designed to treat
cardiomyopathy caused by hereditary transthyretin-
mediated amyloidosis (hATTR). The drug used the
standard template chemistry (STC). Its development was
discontinued in 2016 in a phase III trial for increased rate
of mortality in patients treated with revusiran compared
to placebo (ENDEAVOUR: NCT02319005)."*° Although the
compound did not make it to the market, it served as a
valuable proof of concept.'*® Interestingly, the second-
generation siRNA-GalNAc conjugates use ESC rather than
STC which enables the dose and exposure levels to be 12—
30 times lower than those for revusiran. For example,
patients treated with revusiran received 28 g per year
compared to vutrisiran (new TTR GalNAc-siRNA conjugate,
see below), which achieves similar pharmacodynamic
effects with only 100 mg per year. This 280-fold lower
drug exposure owed to the second-generation chemistry
significantly improves safety.
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Company

t initially developed by

Clinical trials

* completed

** ongoing
®kk
i currently being developed Clinical not yet started
No. Name by Indication Target phase **** terminated Ref.
1 Givosiran Alnylam Acute hepatic porphyria ~ 5-Aminolevulinic Registered NCT02949830%* Lit.”7 100
(GIVLAARI), (AHP) acid synthase 1 NCT03338816*
ALN-AS1 (ALAS1) NCT03505853*
NCT02452372%
NCT04883905**
2 Lumasiran Alnylam Primary hyperoxaluria ~ Glycolate oxidase Registered NCT04152200%* Lit. 1017106
(OXLUMO), type 1 (PH1) 1(GO1) NCT039056947%*
ALN-GO1 NCT06225882**
NCT04982393**
NCT03350451*
NCT03681184*
NCT02706886*
NCT06225544***
NCT05161936****
3 Inclisiran Alnylam+/Novartis} Hypercholesterolemia Proprotein Registered 49 studies reported Lit. 1077199
(LEQVIO), (heterozygous familial convertase NCT03851705*
ALN-PCSsc and non-familial) or subtilisin—kexin NCT03060577*
mixed dyslipidaemia type 9 (PCSK9) NCT03814187*
NCT04807400*
NCT02597127*
NCT03397121*
NCT02963311*
NCT03400800*
NCT03399370*
NCT05362903**
NCT03159416*
4 Vutrisiran Alnylam Transthyretin-mediated ~ Transthyretin Registered NCT03759379%* Lit.""°
(AMVUTTRA), amyloidosis (ATTR) (TTR)
ALN-TTRsc02 Hereditory ATTR NCT05873868**
(hATTR) with
polyneuropathy
ATTR with NCT04153149%**
cardiomyopathy NCT04561518**
(ongoing)
5  Nedosiran Novo Nordisk Primary hyperoxaluria ~ Lactate Registered NCT05001269%* Lit,11h112
(RIVFLOZA), (PH) dehydrogenase NCT04580420%*
NN7022, (LDH) NCT04042402**
DCR-PHXC NCT03847909*
NCT04555486*
NCT03392896*
6 Fitusiran, Alnylam+/Sanofi} Hemophilia A and B, Antithrombin Phase IIl  NCT03974113** Lit,**3114
ALN-AT3sc rare bleeding disorders  (AT) NCT06145373**
(RBDs) NCT03754790%*
NCT05662319**
NCT03754790**
NCT03549871*
NCT03417245*
NCT03417102*
NCT02035605*
7  Cemdisiran,  Alnylam Paroxysmal nocturnal Complement C5 Phase Il NCT02035605* Lit.'™
ALN-CC5 hemoglobinuria, (CCs) NCT05070858%**
complement-mediated NCT05744921%*
diseases, myasthenia NCT05133531%%*
gravis NCT02352493*
NCT04888507*
NCT04811716*
NCT04601844*
NCT04940364*
NCT03841448%**%**
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Table 1 (continued)
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No. Name

Company

t initially developed by

1 currently being developed

by

Target

Clinical
phase

Clinical trials

* completed

** ongoing

*** not yet started

*#k* terminated

Ref.

8

10

11

12

13

14

15
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Plozasiran,
ARO-APOC3

Olpasiran,
AMG 890,
ARO-LPA

Fazirsiran,
ARO-AAT,
TAK-999

Lepodisiran,
LY3819469

ARO-HBV,
JNJ-73763989,
JNJ-3989

Xalnesiran,
RO7445482,
DCR-HBVS,
RG6346
Imdusiran,
AB-729

Elebsiran,
ALN-HBVO02,
VIR-2218

Arrowhead

Arrowhead{/Amgen

Arrowheadt/Takeda}

Dicernaf/Eli Lillyf

Arrowhead/GSK}

Dicernat/Rochef

Arbutus

Alnylam/Vir biotechnology

chylomicronemia
syndrome, severe
hypertriglyceridemia

Cardiovascular disease

al antitrypsin deficiency
associated liver disease

Cardiovascular disease

Hepatitis B infection

Hepatitis B infection

Hepatitis B infection

Hepatitis B infection

Apolipoprotein
C-III (apoC-I)

Lipoprotein(a)
(LPA)

Alpha-1
antitrypsin (AAT)

Lipoprotein(a)
(LPA)

Hepatitis B viral
proteins

Hepatitis B viral
proteins

Hepatitis B viral
proteins

Hepatitis B viral
proteins

Phase III

Phase 11

Phase III

Phase III

Phase III

Phase 11

Phase 11

Phase 11

Phase 11

NCT06347133**
NCT06347016**
NCT06347003**

NCT05902598%**

NCT05089084**
NCT03783377*
NCT04720534*
NCT05413135%*
NCT04998201*
NCT05581303**
NCT04270760*
NCT05489614*
NCT04987320%*
NCT05481411*
NCT03626662*

NCT06411860%**
28 studies reported

NCT05891158**
NCT05899673**
NCT05677971%%*
NCT06165341%*
NCT03946449**
NCT03362242*
NCT03945292*
NCT06292013**
NCT05565742%*
NCT04914546*
NCT05841277*
NCT05932446*
NCT04535544**
NCT04439539*
NCT04585789*
NCT04002752%*
NCT04208386*
NCT03365947*
NCT03982186*
NCT04129554*
NCT04963738*
NCT04586439*
NCT04667104*

NCT05005507****

NCT04225715%**
NCT03772249*

NCT04980482**
NCT06245291**
NCT06154278**

NCT04820686****
NCT04847440%%**

NCT05844228%*
NCT05484206**
NCT04856085%*
NCT04412863**
NCT05970289**
NCT05612581%**
NCT04891770*
NCT03672188*
NCT04507269*
NCT04749368*

NCT06092333%**

Lit.1167119

Lit.120_122

Lit.123—123

Lit. 126

Lit.88,1277129

Lit. 130
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Company

t initially developed by

Clinical trials

* completed

** ongoing
®kk
i currently being developed Clinical not yet started
No. Name by Indication Target phase **** terminated Ref.
Hepatitis D infection Hepatitis Bviral Phase I NCT05461170**
proteins
16 RBD1016 Suzhou Ribo Life Science Chronic hepatitis B Hepatitis Bviral Phase I NCT05961098**
proteins NCT04685564*
NCT05017116*
17  Zerlasiran, Silence Cardiovascular disease ~ Lipoprotein(a) Phase I NCT05537571% Lit."*h1??
SLN360 (LPA) NCT04606602*
18 Zodasiran, Arrowhead Mixed dyslipidemia, Angiopoietinlike Phase II ~ NCT04832971%* Lit.!*371%7
ARO-ANG3 homozygous familial protein 3 NCT05217667**
hypercholesterolemia (ANGPTL3) NCT03747224*
19 Solbinsiran, Dicernat/Eli Lilly} Dyslipidemia, ANGPTL3 Phase I NCT05256654*
LY3561774 cardiovascular disease NCT04644809*
20 Zilebesiran, Alnylam/Roche} Hypertension Angiotensinogen Phase II ~ NCT04936035** Lit.?%139
ALN-AGTO1, (AGT) NCT05103332%*
RG6615 NCT06272487**
NCT03934307*
NCT06423352**
21 GSK4532990,  Arrowheadf/GlaxoSmithKline} Metabolic 17-Beta Phase I NCT06104319%* Lit."?
ARO-HSD dysfunction-associated ~ hydroxysteroid NCT05583344**
steatohepatitis (MASH)  dehydrogenase NCT04202354*
13 (HSD17B13)
22 ALN-HSD Alnylam in collaboration with MASH HSD17B13 Phase I NCT05519475%*
Regeneron NCT04565717%%**
23 Belcesiran, Dicernat/Novo Nordisk} al antitrypsin deficiency Serpin family A ~ Phase II ~ NCT04764448%%**
NN6021, associated liver disease =~ member NCT04174118*
DCR-A1AT-201 (AATD) (SERPINA-1) NCT05146882%****
24  ALN-KHK Alnylam Type 2 diabetes mellitus ~ Ketohexokinase = Phase I/Il. NCT05761301%*
(KHK)
25 Divesiran, Silence B-Thalassaemia and Transmembrane Phase I NCT04718844* Lit 141143
SLN124 myelodysplastic serine protease 6 NCT04559971*
syndrome (MDS) (TMPRSS6) NCT04176653%**
Polycythemia vera Phase I/II  NCT05499013**
26 LY3875383 Eli Lilly Cardiovascular disease ~ Apolipoprotein ~ Phase I NCT05609825*
C-III (APOC3)
27 RBD5044 Suzhou Ribo Life Science Triglycerides (TGs)type =~ APOC3 Phase I NCT05539651%*
hypertriglyceridemia
28 LY3849891 Eli Lilly MASH Patatin-like Phase I NCT05395481**
phospholipase
domain
containing 3
(PNPLA3)
29 LY3885125 Eli Lilly MASH SCAP Phase I NCT06007651**
30 ALN-PNP Alnylam MASH PNPLA3 Phase I NCT05648214*%*
NCT06024408**
31 NN6581, Novo Nordisk MASH MARC1 Phase I NCT05599945%*
NNC0581-0001
32 NN6582, Novo Nordisk MASH LXRa Phase I NCT05624580**
NNC0582-0001
33 ARO-PNPLA3, Janssen/Arrowhead MASH PNPLA3 Phase I NCT04844450%
JNJ-75220795 NCT05039710%****
34 OLX702A, OliX MASH Undisclosed Phase I ACTRN12624000023550
OLX75016
35 ALN-TTRsc04  Alnylam ATTR TTR Phase I NCT05661916**
36 ALN-BCAT Alnylam Hepatocellular B-Catenin Phase I Plan to initiate phase I
carcinoma (HCC) in early 2024
37 ARO-C3 Arrowhead Complement-mediated ~ Complement Phase I NCT05083364**
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diseases (paroxysmal
nocturnal
hemoglobinuria,
complement-mediated
renal disease)

component 3
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Table 1 (continued)
Company Clinical trials
t initially developed by * completed
** ongoing
. ‘o *** not yet started
1 currently being developed Clinical Y
No. Name by Indication Target phase **** terminated Ref.
38 DCR-AUD Dicerna, a Novo Nordisk Alcohol use disorder Aldehyde Phase I NCT05021640%*
company (AUD) dehydrogenase NCT05845398*
(ALDH2)
39 ARO-CFB Arrowhead Complement-mediated =~ Complement Phase I NCT06209177%*
disease factor B (CFB)
40 RBD4059 Suzhou Ribo Life Science Thrombosis Coagulation Phase I NCT05653037*%*
factor XI (FXI)
41 RBD7022 Suzhou Ribo Life Science Hyperlipidemia PCSK9 Phase I NCT05912296**
42 STP122G“ Sirnaomics Thrombosis Coagulation Phase I NCT05844293**
factor XI (FXI)
43 IBI3016, Innovent/SanegeneBio Hypertension Angiotensinogen Phase I NCT06501586**
SGB-3908”

“ Based on mxRNA rather than siRNA. ” Announcement of the initiation of the phase I trial came on August 1, 2024.

Givosiran

(GIVLAARI, ALN-AS1, Alnylam Pharmaceuticals) was the first
GalNAc-siRNA conjugate to reach the market. It is directed
against 5-aminolevulinate synthase 1 and is used to treat
acute hepatic porphyria, a genetic disorder resulting in the
build-up of toxic porphyrin precursors formed during the
production of heme. Givosiran was approved in 2019 after a
successful phase Il study (ENVISION: NCT03338816).°7'%”
FDA granted the application for givosiran breakthrough
therapy and first-in-class medication designation, priority
review designation, and an orphan drug status. Its
pharmacological properties and role in the treatment of acute
hepatic porphyria have been recently reviewed.”®'4®

Lumasiran
(OXLUMO, ALN-GO1, Alnylam Pharmaceuticals) was
approved in 2020 after a successful phase III study

(ILLUMINATE-A: NCT03681184)'°"'% for the treatment of
severe primary hyperoxaluria type 1 (PH1). The compound
targets mRNA encoding for glycolate oxidase, thus reducing
hepatic oxalate production.'®'*® Lumasiran received orphan
drug and breakthrough therapy designation. It also
underwent a phase II clinical trial in patients with recurrent
calcium oxalate kidney stone disease (NCT05161936). A phase
II study in patients that have a kidney disease and need
dialysis treatment is supposed to start in 2024
(NCT06225544).

Inclisiran

(LEQVIO, ALN-PCSsc, developed by The Medicines Company,
a subsidiary of Novartis, which licensed the rights to
inclisiran from Alnylam Pharmaceuticals), used for the
treatment of hypercholesterolemia, targets proprotein
convertase subtilisin/kexin type 9 (PCSK9). It was approved in
the EU in 2020 and in the UK and USA in 2021 after

This journal is © The Royal Society of Chemistry 2025

144

successful phase III studies (ORION-9: NCT03397121, ORION-
10: NCT03399370, ORION-11: NCT03400800)."%77'%° 1ts
administration is necessary only every 3-6 months, which is
a major advantage over statins and monoclonal antibody
therapy.””® A number of further clinical studies, aimed
among others at treating mixed dyslipidemia and
atherosclerotic cardiovascular disease, are on-going (https://
www.clinicaltrials.gov).

Vutrisiran
(Amvuttra,  ALN-TTRsc02, Alnylam  Pharmaceuticals),
designed for the treatment of transthyretin-mediated

amyloidosis, inhibits the production transthyretin protein by
the liver."*® Vutrisiran was approved in 2022 both in the USA
and EU for the treatment of the polyneuropathy of hATTR in
adults.”* It has been granted orphan drug status in the US,
EU and Japan for the treatment of ATTR. In the US, it has
also been granted a fast track designation for the treatment
of the polyneuropathy of hATTR in adults. Two phase III
clinical studies are ongoing. HELIOS-A study (NCT03759379)
in patients with hATTR with neuropathy was initiated in 2019
and is supposed to last until 2026. Vutrisiran is to be
compared with patisiran (Onpattro), the first siRNA-based
drug approved in the US and the first drug approved by the
FDA to treat hATTR. A 2022 report confirmed that vutrisiran
met all secondary endpoints measured at 18 months.'*
When compared to patisiran, vutrisiran was found to be non-
inferior in terms of serum transthyretin reduction.
Vutrisiran's primary advantage over patisiran is its dosing
regimen. While patients taking patisiran must undergo an
80-minute infusion every three weeks, vutrisiran is
administered by a subcutaneous injection that is
administered every three months. This highlights the
advantage of directly conjugated siRNA therapeutics over
lipid nanoparticle-based delivery to the targeted cells.

RSC Med. Chem., 2025, 16, 525-544 | 533


https://www.clinicaltrials.gov
https://www.clinicaltrials.gov
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md00652f

Open Access Article. Published on 02 December 2024. Downloaded on 6/25/2026 2:58:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

HELIOS-B study (NCT04153149), also initiated in 2019, is
running to evaluate the efficacy and safety of vutrisiran
compared to placebo in patients with ATTR with
cardiomyopathy.'*

Nedosiran

(Rivfloza, DCR-PHXC, Novo Nordisk, which acquired Dicerna
Pharmaceuticals in  2021) targets hepatic lactate
dehydrogenase A and was approved in 2023 for the treatment
of primary hyperoxaluria (PH)."*>'** It is indicated to lower
urinary oxalate levels in people with PH type 1. PH is a family
of three autosomal recessive inherited disorders of hepatic
glyoxylate metabolism characterised by oxalate
overproduction. Subsequent calcium oxalate precipitation
leads to nephrocalcinosis, recurrent urolithiasis, kidney
damage, and ultimately to kidney or even multiple organ
failure.”®> FDA granted it a first-in-class status as well as
breakthrough therapy and orphan drug designation. The
drug is currently evaluated in a phase II study in paediatric
patients (11 years of age or younger) who have PH1, PH2 or
PH3 and relatively intact renal function (NCT05001269).

Six GalNAc-siRNA conjugates are currently in the late
stage of development (phase III).

Fitusiran

(ALN-AT3sc, Sanofi Genzyme, licensed from Alnylam
Pharmaceuticals) targets antithrombin (AT) and is in
development for the treatment of hemophilia and rare
bleeding disorders (RBDs)."**'** Phase III studies ATLAS-A/B
(NCT03417245) and ATLAS-INH (NCT03417102) were
completed in 2021, and long-term safety and efficacy study
ATLAS-OLE (NCT03754790) and a study in paediatric patients
ATLAS-PEDS (NCT03974113) are ongoing with expected
completion date in 2026.

Cemdisiran
(ALN-CC5, Alnylam Pharmaceuticals) targets the C5
component of the complement pathway and is in

development for the treatment of complement-mediated
diseases."’> Cemdisiran is being evaluated mostly in
combination with pozelimab in several phase III studies:
NIMBLE study (NCT05070858) in patients with symptomatic
generalised myasthenia gravis and ACCESS-1 (NCT05133531)
and ACCESS-EXT (NCT05744921) in patients with paroxysmal
nocturnal hemoglobinuria. In 2021, EU granted cemdisiran
orphan designation for the treatment of primary IgA
nephropathy (phase II completed in 2023, NCT03841448).

Plozasiran

(ARO-APOC3, Arrowhead Pharmaceuticals) targets
apolipoprotein C-III and is in a phase III study in patients
with familial chylomicronemia syndrome (NCT05089084) and
with hypertriglyceridemia (NCT06347133). Two additional
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phase IIT studies in patients with hypertriglyceridemia are to
start in 2024 (NCT06347016, NCT06347003).

Olpasiran

(AMG890, ARO-LPA, Amgen) reduces lipoprotein(a) synthesis
in the liver. It is evaluated in a phase III study
(NCT05581303) on the risk for coronary heart disease death,
myocardial infarction, or urgent coronary revascularization in
participants with atherosclerotic cardiovascular disease and
elevated lipoprotein(a).

Fazirsiran

(ARO-AAT, Arrowhead Pharmaceuticals, in collaboration with
Takeda) targets alpha-1 antitrypsin (AAT) and is studied for
the treatment of liver disease associated with AAT deficiency
(AATD)  (phase III  NCT05899673,  NCT05677971,
NCT06165341).">

Lepodisiran

(LY3819469, Eli Lilly) is directed at hepatic synthesis of
apolipoprotein(a), an essential component necessary for
assembly of lipoprotein(a) particles, which contribute to
atherosclerotic disease and aortic stenosis. It is evaluated in
a phase III study (NCT06292013) for the reduction of major
adverse cardiovascular events in adults with elevated
lipoprotein(a) who have established atherosclerotic
cardiovascular disease or are at risk for a first cardiovascular
event.

Five GalNAc-siRNA conjugates are in phase II trials
against chronic HBV infection: xalnesiran (RO7445482,
RG6346, DCR-HBVS, developed by Dicerna Pharmaceuticals/
Novo Nordisk in collaboration with Hoffmann-La Roche),
imdusiran (AB-729, Arbutus), elebsiran (ALN-HBV02, VIR-
2218, Vir Biotechnology in collaboration with Alnylam), JNJ-
3989 (ARO-HBV, Arrowhead Pharmaceuticals, initially
licensed to Janssen Pharmaceuticals, subsequently to
GlaxoSmithKline), and RB1016 (Suzhou Ribo Life Science).
These conjugates are designed to inhibit expression of HBV
proteins, including hepatitis B surface antigen (HBsAg). They
are investigated as stand-alone therapy as well as for use in
combination with other direct antiviral agents, such as
nucleoside and nucleotide analogues. Additionally, elebsiran
is also evaluated in combination with tobevibart, an IgG1-
lambda humanised monoclonal antibody, in a phase II study
against chronic hepatitis D.

Targeting ASGPR as hepatic receptor is also thoroughly
studied for the treatment of various liver-related diseases.
GSK4532990 (ARO-HSD, GlaxoSmithKline, phase II), ALN-
HSD (Alnylam, in collaboration with Regeneron, phase II),
ARO-PNPLA3 (JN]J-75220795, Arrowhead), LY3849891 (Eli Lilly,
phase I), LY3885125 (Eli Lilly, phase I), ALN-PNP (Alnylam,
phase I), NN6581 (Novo Nordisk, phase I), NN6582 (Novo
Nordisk, phase I), and OLX702A (OLX75016, OliX, phase I)
are being developed for the treatment of metabolic
dysfunction-associated steatohepatitis (MASH), previously

This journal is © The Royal Society of Chemistry 2025
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referred to as nonalcoholic steatohepatitis (NASH). MASH
one of the most common chronic liver diseases worldwide,
with a global prevalence of approximately 24% in the general
population.’® Belcesiran (NN6021, DCR-A1AT-201, Novo
Nordisk, phase II) and ALN-TTRsc04 (Alnylam, phase I) target
o-1 antitrypsin for the treatment of AAT deficiency-associated
liver disease (o-1 liver disease). ALN-BCAT (Alnylam, phase I)
targets [-catenin for the treatment of hepatocellular
carcinoma.

A number of GalNAc-siRNA conjugates are in early
development for the treatment of cardiovascular diseases,
hypercholesterolemia and dyslipidemia. Zerlasiran (SLN360,
Silence Therapeuticals, phase II) is designed to reduce the
production of apolipoprotein A, a key component of
lipoprotein(a), which has been genetically linked with
increased risk of cardiovascular diseases, independent of
cholesterol and LDL levels. Two conjugates target
apolipoprotein C-III: LY3819469 (Eli Lilly, phase I), and
RBD5044 (Suzhou Ribo Life Science, phase I). Two conjugates
reduce the production of angiopoietin-like protein 3
(ANGPTL3), a liver-synthesised inhibitor of lipoprotein lipase
and endothelial lipase: zodasiran (ARO-ANG3, Arrowhead,
phase II), and solbinsiran (LY3561774, Eli Lilly, phase II).
Zilebesiran (ALN-AGT01, RG6615, Roche, phase II) and
IBI3016 (SGB-3908, phase I) target angiotensinogen (AGT)
and are evaluated for the treatment of hypertension.
RBD7022 (Suzhou Ribo Life Science, phase I) targets PCSK9
and is developed for the treatment of hyperlipidemia.

Complement-mediated diseases are targeted by ARO-C3
(Arrowhead, phase I) designed to reduce the production of
complement component 3 and ARO-CFB (Arrowhead, phase
I) reducing complement factor B.

Other GalNAc-siRNA conjugates in the early stage of
development  include  divesiran  (SLN124,  Silence
Therapeuticals, phase I/II) downregulating TMPRSS6 and
developed to treat B-thalassaemia, myelodysplastic syndrome
and polycythemia vera, ALN-KHK (Alnylam, phase I/II)
targeting ketohexokinase to treat diabetes mellitus 2, DCR-
AUD (DCR-A1203, Dicerna Pharmaceuticals/Novo Nordisk,
phase I) designed to silence aldehyde dehydrogenase
(ALDH2) for the treatment of alcohol use disorder, ALN-APP
(Alnylam Pharmaceuticals) targeting amyloid precursor
protein (APP) to treat Alzheimer's disease and cerebral
amyloid angiopathy, and RBD4059 (Suzhou Ribo Life Science,
phase I) and STP122G (Sirnaomics, phase I, based on mxRNA
rather than siRNA) targeting coagulation factor XI as
potential treatment of thrombosis.

GalNAc-ASO conjugates

Single strand modified ASOs conjugated to a triantennary
GalNAc; moiety were initially developed by Ionis
Pharmaceuticals.””” These GalNAc-ASO conjugates are also
known as ligand-conjugated antisense medicines (LICAs).
Akcea Therapeutics was initially formed in 2014 as an Ionis

This journal is © The Royal Society of Chemistry 2025
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subsidiary to further develop the compounds, but was
acquired back by its parent company in 2020.

Similar to GalNAc-conjugated siRNAs, a thorough
understanding of PK and PD is critical for advancing GalNAc-
conjugated ASOs. After subcutaneous injection, the time to
reach maximum plasma concentration ranges from 0.25 to 1
hour in mice and 1 to 4 hours in monkeys and humans. In
mice, the major circulating species in the blood post-
absorption is the conjugated ASO, but after 24 hours, the
unconjugated ASO becomes the predominant species.'>’
Elimination half-lives across all tissues, including the liver,
are 3-4 weeks in both monkeys and humans.**®

An overview of the compounds on the market and in
clinical development is summarised in Table 2.

Eplontersen

(ION-682884, IONIS-TTR-Lg,, AKCEA-TTR-Lg,, Akcea/Ionis/
AstraZeneca) was the first GalNAc-ASO conjugate to be
approved in the USA in December 2023. It is designed to
reduce the production of transthyretin to treat all types of
TTR.”>'®"  The dosing schedule involves monthly
subcutaneous injections, with no significant accumulation
observed following repeated dosing every four weeks.'”>

Four GalNAc-ASO conjugates are currently evaluated in
phase III.

Pelacarsen

(AKCEA-APO)(a)-Lg,, AKCEA-APO(a)-Lg,, TQJ230, Novartis) is
designed to reduce the production of apolipoprotein(a) and
is being developed for patients who are at a significant risk
of cardiovascular disease because of their elevated
Lp(a).’®*'7*%77  phase III studies Lp(a) HORIZON:
NCT04023552, NCT05305664 as well as an open-label
extension study (NCT05900141) are ongoing.

Olezarsen

(IONIS-APOCIII-Ly,, AKCEA-APOCIII-Ly,, Ionis) is designed to
inhibit  the  production of apoC-IIl to  treat
hypertriglyceridemia.'”® Additionally, it has an orphan drug
status for the treatment of familial chylomicronemia
syndrome. A number of phase III trials for both conditions
are ongoing.

Donidalorsen

(IONIS-PKK-Lg,, ISIS 721744, Ionis) is designed to reduce the
production of prekallikrein (PKK) to treat patients with
hereditary angioedema (phase III trial NCT05392114, phase II
trial NCT04307381)."6%1%°

Bepirovirsen

(GSK3389404, IONIS-HBV-Lg,, GSK) targets HBV viral proteins
to treat chronic HBV and is evaluated in several phase III
studies.

RSC Med. Chem., 2025, 16, 525-544 | 535
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Table 2 GalNAc-ASO conjugates on the market and in clinical development

No. Name

Company

t initially developed

by

1 currently being
developed by

Clinical

Indication Target phase

Clinical trials

* completed
** ongoing

*** not yet
started

*H4k terminated

Ref.

1

Wainua, eplontersen,

ION-682884,
TONIS-TTR-Lyy,
AKCEA-TTR-Lyy,
ISIS-TTRpy

Pelacarsen,

AKCEA-APO(a)-Lyy,
TQJ230, ISIS 681257

Olezarsen,

IONIS-APOCIII-Lgy,
AKCEA-APOCIII-Lgy

Donidalorsen,

IONIS-PKK-Lgy, ISIS

721744

Bepirovirsen,
GSK3389404,
IONIS-HBV-Lgy

Fesomersen,
BAY2976217,

ISIS-FXIRy, ISIS 416858,

TONIS-FXI-Lg

Sapablursen,

IONIS-TMPRSS6-Lgy

IONIS-FB-Lg,, RG6299

ION904

Akcea/Ionist/Astra

Zenecal

Akcea/Ionist/Novartis}

Akcea/Ionis

Tonis

Tonist/GSK{

Ionis{/Bayer}

Tonis

Ionisf/Roche}

Ionis
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Transthyretin-mediated Transthyretin (TTR)
amyloidosis (ATTR)

Registered

Cardiovascular disease ~ Apolipoprotein(a) Phase III

Severe
hypertriglyceridemia
(sHTG)

Apolipoprotein C-III  Phase III
(ApoC-IT)

Familial
chylomicronemia
syndrome (FCS)

Apolipoprotein C-III Phase 111
(ApoC-I1I)

Hereditary angioedema Prekallikrein (PKK) Phase IIT

Hepatitis B infection Hepatitis B viral Phase III

protein

Thrombosis, clotting Factor XI Phase II

disorders

Transmembrane Phase II
serine protease 6
(TMPRSS6)
Complement factor

B (FB)

B-Thalassaemia,
polycythemia vera

IgA nephropathy (IgAN) Phase II

Age-related macular Phase 1I
degeneration,

geographic atrophy
Treatment-resistant
hypertension (TRH)

Complement factor
B (FB)

Angiotensinogen Phase II

NCT06194825**
NCT05667493**
NCT05071300%**
NCT04136171%**
NCT06073587**
NCT05259072*%*
NCT06073574%**
NCT04302064*
NCT04136184*
NCT03728634*
NCT05900141*%*
NCT05646381**
NCT05305664**
NCT04023552%**
NCT03070782*
NCT05337878*
NCT05026996*
NCT06267560%**

NCT04993664****

NCT05681351**
NCT05610280%**
NCT05552326**
NCT05079919**
NCT05579860*
NCT05355402*
NCT05185843**
NCT06360237**
NCT05130450%**
NCT04568434*
NCT06415448**
NCT05392114%**
NCT04307381%**
NCT03263507*
NCT04030598*
NCT05139810*
NCT06058390**
NCT05630807**
NCT05630820%**
NCT05276297**
NCT05330455**
NCT06422767***
NCT03020745%*
NCT02647281*
NCT03582462%*
NCT04534114%*
NCT02553889*
NCT03358030%*
NCT01713361*
NCT05143957**
NCT03165864*

NCT04059406****

NCT04014335*
NCT03815825*
NCT03446144%**
NCT03815825**

NCT03446144%***

NCT04731623*
NCT05314439*

Lit.199—162

Lit. 163,164

Lit, 165166

Lit 167

Lit 168

Lit. 169

th 170
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Table 2 (continued)

View Article Online

Review

Company

t initially developed

Clinical trials

by * completed
** ongoing
*** not yet
. L started
1 currently being Clinical ~ 22—
No. Name developed by Indication Target phase **kk terminated  Ref.
10 ION224, IONIS Ionis MASH Diacylglycerol Phase I NCT04932512* Lit.'”!
DGAT2gy acyltransferase 2 NCT03334214%*
(DGAT2)
11 AZD2693, ION839, Ionist/AstraZenecaf MASH Patatin-like Phase 11 NCT05809934**
IONIS-AZ6-2.5-Lyy phospholipase NCT05919069**
domain-containing NCT04483947*
protein 3 (PNPLA3) NCT04142424%
NCT05107336*
12 ION532, Ionist/AstraZenecaf Apolipoprotein Apolipoprotein L1~ Phase I NCT05351047*
IONIS-AZ5-2.5RX, L1-associated chronic (APOL1) NCT04269031*
AZD2373 kidney disease

Six GalNAc-ASO conjugates are currently in phase II
studies and one more in a phase I study.

Conjugates in development aimed at treating diseases
affecting the cardiovascular system include fesomersen
(BAY2976217, ISIS-FXIg,, ISIS 416858, IONIS-FXI-Lg,, Bayer)
targeting factor XI to treat thrombosis, ION-904 (Ionis)
targeting angiotensinogen for treatment-resistant
hypertension and sapablursen (IONIS-TMPRSS6-Lg,, Ionis)
targeting transmembrane serine protease 6 (TMPRSS6) to
treat p-thalassaemia and polycythemia vera. ION224 (IONIS
DGAT2g,) and AZD2693 (ION839, IONIS-AZ6-2.5-Lg,, Ionis/
AstraZeneca) are in development to treat MASH. While
ION224 targets diacylglycerol acyltransferase 2, AZD2693
targets patatin-like phospholipase domain-containing protein
3. IONIS-FB-Lg, (Ionis/Roche) targets complement factor to
treat IgA nephropathy (IgAN) and age-related macular
degeneration. To complete the list of conjugates in
development, ION532 (IONIS-AZ5-2.5Rx, AZD2373, Astra
Zeneca) is in a phase I study to treat apolipoprotein L1-
associated chronic kidney disease.

In addition to the ASO conjugates developed by Ionis,
Roche is developing GalNAc; conjugates with locked nucleic
acid (LNA)-containing single stranded oligonucleotides
(SSO) for the treatment of chronic HBV.'”® RG6084 (PD-L1
LNA, RO7191863) that targets PD-L1/PD-1 immune
checkpoint inhibitory pathway, which is overexpressed in
the liver of patients with chronic hepatitis B, is now in a
phase II (NCT04225715) study for a combination HBV
therapy.

Other examples of GalNAc
conjugates targeted to the liver

Peptide nucleic acids (PNAs) are synthetic DNA analogues in
which the deoxyribose phosphate backbone is replaced by a
pseudo-peptide structure. This substitution imparts electrical

This journal is © The Royal Society of Chemistry 2025

neutrality, enhances chemo-enzymatic stability, and improves
target-strand hybridization."®**'®" As a result, PNAs hold
potential as antisense or antigene drugs. However, PNAs also
face significant challenges: they have low cell permeability
compared to phosphodiester or  phosphorothioate
oligonucleotides,'®" some sequences exhibit poor water
solubility,"®® they lack cell-type specificity, and are rapidly
cleared from the body."*>

To address issues with cell permeability and specificity,
PNAs were conjugated to ligands to enhance targeted
uptake.'®! For example, lactose-PNA conjugates were able to
enter cells expressing ASGPR in vitro, though only at high
concentrations, while cells lacking this receptor showed no
uptake.'® Studies by Van Berkel and Biessen demonstrated
that synthetic ASGPR ligands conjugated to PNAs could
downregulate human and murine microsomal triglyceride
transfer protein (MTP). Targeted PNA was observed to reduce
MTP expression in parenchymal liver cells by up to
700/0‘181,184

Ishihara et al. reported a method for delivering PNAs
using AF-DNA conjugates. In this approach, AF is conjugated
to a 10-mer DNA strand complementary to the target PNA
sequence, allowing the PNA to hybridize with the AF-DNA
conjugate. Upon internalization, the PNA is spontaneously
released through a strand exchange mechanism. This system
enabled successful delivery of PNAs to the liver following

intravenous injection, resulting in the inhibition of
telomerase.'®*
A structure-activity relationship (SAR) study by

Bhingardeve et al. emphasized the importance of ASGPR
ligand architecture in designing ASGPR-PNA conjugates. The
study found that a conjugate with GalNAc arranged
sequentially achieved 13-fold higher internalization efficiency
than the triantennary GalNAc ligand. This sequential design
offers a more cost-effective and simpler approach for
producing conjugates.'®

RSC Med. Chem., 2025, 16, 525-544 | 537
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Aptamers are single-stranded DNA (ssDNA) or RNA
(ssRNA) oligonucleotides that fold into defined architectures
tertiary structures. They bind with high affinity and
specificity to their targets and are non-immunogenic.'®®
However, the uptake of DNA ONs in cells is problematic.
Zamay et al. reported the delivery of aptamers inside cells
using arabinogalactan as a carrier. The ASGPR-internalised
aptamers inhibited adenocarcinoma growth.'®” In another
example of ASGPR-targeted aptamers, Zhu et al. reported the
construction of lysosome targeting chimeras (LYTACs, vide
infra) using an aptamer equipped with a three GalNAc units
at the end to target ASGPR. These aptamer-based LYTACs
quickly degraded the extracellular proteins through a
lysosomal degradation pathway."®®

Facile genome engineering using clustered regularly
interspaced palindromic repeat (CRISPR) and their associated
(Cas) revolutionized molecular biology. This
technique is the state of the art for gene editing.'®
Nevertheless, methods for cell- and tissue-selective delivery
currently limits its uses. Doudna et al. reported the design of
a Cas9 protein bearing a triantennary ASGPR ligand for
receptor-mediated genome editing. In vitro tests showed
selective gene editing in ASGPR expressing cells. This
approach to gene editing needed the assistance of an
endosomolytic agent to achieve endosomal escape.'”® A
patent application for this technology was filed in 2016 by
Pfizer Inc. and The Reagents of The University of
California.™*

nucleases

Targeted protein degradation of
extracellular proteins through ASGPR

Targeted protein degradation (TPD) is an innovative
therapeutic strategy that harnesses the cell's natural
degradation pathways to selectively eliminate specific
proteins. Unlike traditional inhibitors that block protein
function, TPD employs heterobifunctional molecules
(chimeras) whose one end binds to the protein of interest
and the other end directs the complex towards a chosen
degradation pathway, either to proteasome after having been
labelled with ubiquitin or to the lysosome. For recent reviews
on TPD, check references.'”*'®® The first-generation LYTACs
(LYsosome TArgeting Chimeras), developed by Bertozzi
targeted mannose-6-phosphate receptor (CI-M6PR) to exploit
receptor-mediated endocytosis of extracellular proteins into
the lysosome.'**

In 2021, the research groups of Bertozzi, Spiegel and Tang
independently reported chimeric molecules featuring
triantennary GalNAc for targeted protein degradation in the
liver.'*>""°% Bertozzi's second-generation LYTAC, comprising a
3.4 kDa peptide binder linked to a triantennary GalNAc
ligand, successfully degraded integrins and reduced cancer
cell proliferation." Spiegel developed small molecule-based
lysosome targeting degraders, termed MoDE-As, that depleted
an antibody and a proinflammatory cytokine.'”® Tang
demonstrated that both small molecule- and antibody-based

538 | RSC Med. Chem., 2025, 16, 525-544

View Article Online

RSC Medicinal Chemistry

degraders could induce lysosomal degradation through
ASGPR. In addition, he showed that molecular size plays a
significant role, with internalization through ASGPR being
more efficient for smaller degrader-target protein
complexes.'’

Wang applied a chemoenzymatic glycan remodelling
method to prepare a series of site-specific antibody-ligand
conjugates bearing natural bi- and tri-antennary N-glycans as
well as synthetic tri-GalNAc ligands. The conjugates were
aimed at degradation of EGFR and PCSK9 as representatives
of membrane and secreted proteins, respectively.>*® Wang
et al. also developed amphiphilic peptide-modified GalNAc
that can self-assemble into nanospheres and showed that
these can degrade various extracellular and membrane
proteins by linking them with the relevant antibodies.***

Avilar Therapeutics, a biopharmaceutical company
specializing in extracellular protein degradation, has
introduced an ATAC platform designed to target pathological
proteins using the natural ASGPR protein degradation
pathway. ATACs (ASGPR TArgeting Chimeras) are bifunctional
molecules composed of an ASGPR-binding ligand linked to a
ligand targeting a disease-causing extracellular protein. The
chemical nature of the ASGPR ligand used in ATACs has not
been disclosed. The company synthesised hundreds of
monosaccharide-based ASGPR ligands, with over 100 having
Kp < 1000 nM and about 40 having Kp < 100 nM.
Additionally, they have over 20 X-ray structures of ASGPR-
ligand complexes.””> The selected ASGPR ligand boasts
approximately 2000-fold higher affinity than GalNAc and
significantly higher affinity (>60-fold) than the bicyclic
bridged ketal 9. In contrast to earlier compounds that
featured trivalent GalNAc ligands linked to an antibody,””*
ATACs utilize bi- and mono-dentate ligands connected to a
peptide or small molecule.®® Initial studies targeting IgG
and TNFo demonstrated successful in vitro binding, ternary
complex formation, cellular uptake, and target protein
degradation.

Conclusion and future perspectives

In conclusion, targeting hepatocytes via the
asialoglycoprotein receptor represents a promising strategy
for liver-specific drug delivery, especially in the field of RNA
interference and gene editing. Delivery of therapeutic nucleic
acids such as siRNAs and ASOs demonstrate significant
advancements with six candidates already on the market and
a number of compounds in clinical development. We can
expect expanding the therapeutic applications to treat more
genetic liver diseases. Additionally, targeting viral genetic
material in hepatocytes is a promising strategy for treating
chronic hepatitis B and potentially also hepatitis D. We may
also anticipate expansion beyond RNAi and ASOs to include
conjugates with PNAs or aptamers, as well as ASGPR-targeted
nanocarriers for CRISPR-Cas. Furthermore, targeted protein
degradation technologies, such as LYTACs and ATACs, offer
innovative approaches for therapeutic intervention. Finally,

This journal is © The Royal Society of Chemistry 2025
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although there are still significant challenges, research into
oral formulations for GalNAc conjugates is ongoing.”
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